Synergistic effect of nitrogen-doped carbon-nanotubes-supported Cu–Fe catalyst for the synthesis of higher alcohols from syngas by 史欣坪
  
学校编码：10384                                           分类号      密级     
学号：20520141151591                                                  UDC     
 
硕  士  学  位  论  文 
合成气制低碳醇氮掺杂碳纳米管负载铜铁
催化剂的促进效应研究 
Synergistic effect of nitrogen-doped 
carbon-nanotubes-supported Cu–Fe catalyst for the 




指导教师姓名：袁友珠  教  授 
             梁雪莲  博  士 
专 业  名 称：物  理  化  学 
论文提交日期：2017年  05  月 
论文答辩时间：2017年  05  月 
学位授予日期：2017年      月 
 
 
答辩委员会主席：             
评    阅    人：             
 














Synergistic effect of nitrogen-doped 
carbon-nanotubes-supported Cu–Fe catalyst for the 






       
 
State Key Laboratory of Physical Chemistry of Solid Surfaces 
and National Engineering Laboratory for Green Chemical 
Production of Alcohols-Ethers-Esters 






































另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的





声明人（签名）：                          




































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，于 
年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 































摘要 ................................................................................................................................................ I 
Abstract ..................................................................................................................................... III 
第一章 前言 ............................................................................................................................. 1 
1.1 引言 ................................................................................................................................. 1 
1.2 低碳醇简介 .................................................................................................................... 1 
1.2.1 低碳醇的用途 .................................................................................................... 2 
1.2.2 低碳醇的合成 .................................................................................................... 4 
1.2.3 低碳醇合成催化剂体系 .................................................................................. 8 
1.2.4 低碳醇合成的机理 ......................................................................................... 12 
1.3 铜铁催化剂的研究进展 ........................................................................................... 17 
1.3.1 助剂 .................................................................................................................... 17 
1.3.2 制备方法 ........................................................................................................... 18 
1.3.3 载体 .................................................................................................................... 19 
1.3.4 其他 .................................................................................................................... 19 
1.4 碳纳米管 ...................................................................................................................... 20 
1.4.1 碳纳米管的结构及性质 ................................................................................ 20 
1.4.2 碳纳米管的纯化 ............................................................................................. 21 
1.4.3 碳纳米管在催化领域的应用 ....................................................................... 22 
1.4.4 碳纳米管的改性 ............................................................................................. 23 
1.5 氮掺杂的碳纳米管 .................................................................................................... 24 
1.5.1 氮掺杂碳纳米管的性质 ................................................................................ 24 
1.5.2 氮掺杂碳纳米管的制备 ................................................................................ 24 
1.5.3 氮掺杂碳纳米管中 N 的存在形式 ............................................................. 26 
1.5.4 氮掺杂碳纳米管在催化中的应用 .............................................................. 27 
1.6 论文构思与目的 ......................................................................................................... 30 
















参考文献 .............................................................................................................................. 33 
第二章 实验部分 ................................................................................................................. 49 
2.1 反应原理 ...................................................................................................................... 49 
2.2 主要气体与试剂 ......................................................................................................... 49 
2.3 催化剂的制备 ............................................................................................................. 50 
2.3.1 碳纳米管预处理 ............................................................................................. 50 
2.3.2 氮杂碳纳米管的制备 .................................................................................... 51 
2.3.3 负载型铜铁催化剂的制备 ........................................................................... 51 
2.4 催化剂活性评价 ......................................................................................................... 52 
2.5 产物分析计算 ............................................................................................................. 53 
2.5.1 转化率 ................................................................................................................ 53 
2.5.2 选择性 ................................................................................................................ 54 
2.5.3 时空产率的计算 ............................................................................................. 55 
2.6 催化剂的性能表征 .................................................................................................... 55 
2.6.1 低温 N2 物理吸脱附 ....................................................................................... 55 
2.6.2 X-射线粉末衍射（XRD） ........................................................................... 56 
2.6.3 X-射线光电子能谱（XPS） ........................................................................ 56 
2.6.4 透射电子显微镜（TEM） ........................................................................... 56 
2.6.5 程序升温还原（H2TPR） .......................................................................... 57 
2.6.6 程序升温脱附（TPD） ................................................................................. 58 
2.6.7 元素分析（Elemental analysis） ................................................................ 58 
参考文献 .............................................................................................................................. 59 
第三章 氮掺杂碳纳米管负载铜铁催化剂上合成气制低碳醇的研究 . 60 
3.1 引言 ............................................................................................................................... 60 
3.2 结果与讨论 .................................................................................................................. 61 
3.2.1 载体处理顺序对铜铁催化剂性能的影响 ................................................ 61 
3.2.2 氮掺杂碳纳米管负载的铜铁催化剂用于合成气制低碳醇的初步探
讨 .................................................................................................................................... 62 
















3.2.4 氮掺杂碳纳米管负载的铜铁催化剂上合成气制低碳醇性能 ............ 66 
3.2.5 氮掺杂碳纳米管负载的铜铁催化剂的稳定性考察 .............................. 71 
3.3 本章小结 ...................................................................................................................... 72 
参考文献 .............................................................................................................................. 74 
第四章 氮掺杂碳纳米管负载铜铁催化剂的表征及构效关联 ................. 78 
4.1 引言 ............................................................................................................................... 78 
4.2 载体的结构表征 ......................................................................................................... 78 
4.2.1 物理化学性质 .................................................................................................. 78 
4.2.2 X-射线粉末衍射表征 .................................................................................... 79 
4.2.3 CO2TPD 表征 ................................................................................................. 80 
4.3 催化剂的结构表征 .................................................................................................... 81 
4.3.1 物理化学性质 .................................................................................................. 81 
4.3.2 X-射线粉末衍射表征 .................................................................................... 82 
4.3.3 透射电镜表征 .................................................................................................. 83 
4.3.4 H2TPR 表征 .................................................................................................... 85 
4.3.5 X-射线光电子能谱表征 ................................................................................ 86 
4.3.6 COTPD 表征 ................................................................................................... 88 
4.4 氮掺杂促进作用的本质 ........................................................................................... 90 
4.5 本章小结 ...................................................................................................................... 91 
参考文献 .............................................................................................................................. 92 
第五章 全文总结 ................................................................................................................. 96 
硕士期间发表论文目录 ................................................................................................... 98 



































Abstract in Chinese .............................................................................................................. I 
Abstract in English ............................................................................................................. III 
Chapter 1 Preface ................................................................................................................. 1 
1.1 Introduction ................................................................................................................... 1 
1.2 Introduction of higher alcohols ................................................................................ 1 
1.2.1 Applications of higher alcohols ....................................................................... 2 
1.2.2 Synthesis of higher alcohols ............................................................................. 4 
1.2.3 Catalyst system of higher alcohols synthesis ................................................ 8 
1.2.4 Mechanism of higher alcohols synthesis ..................................................... 12 
1.3 Research progress of CuFe catalysts ................................................................. 17 
1.3.1 Assistants ............................................................................................................ 17 
1.3.2 Preparation methods ......................................................................................... 18 
1.3.3 Supports .............................................................................................................. 19 
1.3.4 Others .................................................................................................................. 19 
1.4 Carbon nanotubs ........................................................................................................ 20 
1.4.1 Structures and properties of carbon nanotubes ........................................... 20 
1.4.2 Purification of carbon nanotubes ................................................................... 21 
1.4.3 Application of carbon nanotubes in catalytic field .................................... 22 
1.4.4 Modified of carbonnanotubes......................................................................... 23 
1.5 N-doped carbon nanotubes ..................................................................................... 24 
1.5.1 Properties of N-doped carbon nanotubes ..................................................... 24 
1.5.2 Preparation N-doped carbon nanotubes ....................................................... 24 
1.5.3 N styles in N-doped carbon nanotubes ......................................................... 26 
1.5.4 Application of N-doped carbon nanotubes in catalytic field ................... 27 
1.6 Objectives of this thesis ............................................................................................ 30 
1.7 Outline of this thesis .................................................................................................. 31 
References ........................................................................................................................... 33 
Chapter 2 Experimental section ................................................................................. 49 
















2.2 Reagents and materials ............................................................................................ 49 
2.3 Preparation of catalysts ............................................................................................ 50 
2.3.1 Pretreatment of CNTs....................................................................................... 50 
2.3.2 Preparation of N-CNTs .................................................................................... 51 
2.3.3 Preparation of supported CuFe catalysts ................................................... 51 
2.4 Evaluation of catalytic performance .................................................................... 52 
2.5 Analysis and calculation of products .................................................................... 53 
2.5.1 Conversion ......................................................................................................... 53 
2.5.2 Selectivity ........................................................................................................... 54 
2.5.3 Calculation of STY ........................................................................................... 55 
2.6 Characterization of catalyst .................................................................................... 55 
2.6.1 Low-temperature N2 adsorption-desorption  .............................................. 55 
2.6.2 XRD ..................................................................................................................... 56 
2.6.3 XPS ...................................................................................................................... 56 
2.6.4 TEM ..................................................................................................................... 56 
2.6.5 H2TPR ............................................................................................................... 57 
2.6.6 TPD ...................................................................................................................... 58 
2.6.7 Elemental analysis ............................................................................................ 58 
References ........................................................................................................................... 59 
Chapter 3 Study of syngas to higher alcohols on N-CNTs supported  
CuFe catalysts .................................................................................................................... 60 
3.1 Introduction ................................................................................................................. 60 
3.2 Results and discusion ................................................................................................ 61 
3.2.1 Catalysis performance of N-CNTs supported CuFe catalysts with 
different processing order .......................................................................................... 61 
3.2.2 Preliminary discussion of CuFe/N-CNTs catalysts on higher alcohols 
synthesis ........................................................................................................................ 62 
3.2.3 Optimization of evaluation conditions ......................................................... 63 
3.2.4 Catalysis performance of CuFe/N-CNTs catalysts .................................. 66 
3.2.5 Operation stability on the catalysts ............................................................... 71 
3.3 Conclusions .................................................................................................................. 72 
References ........................................................................................................................... 74 
















-doped carbon nanotubes supported CuFe catalysts ................................. 78 
4.1 Introduction ................................................................................................................. 78 
4.2 Characterization of the supports .......................................................................... 78 
4.2.1 Physical and chemical properties .................................................................. 78 
4.2.2 XRD results ........................................................................................................ 79 
4.2.3 CO2TPD results .............................................................................................. 80 
4.3 Characterization of the catalysts ........................................................................... 81 
4.3.1 Physical and chemical properties .................................................................. 81 
4.3.2 XRD results ........................................................................................................ 82 
4.3.3 TEM results ........................................................................................................ 83 
4.3.4 H2TPR results .................................................................................................. 85 
4.3.5 XPS results ......................................................................................................... 86 
4.3.6 COTPD results ................................................................................................ 88 
4.4 Promotional effects of N doping ............................................................................ 90 
4.5 Conclusions .................................................................................................................. 91 
References ........................................................................................................................... 92 
Chapter 5 General conclusions ................................................................................... 96 
List of publication ............................................................................................................... 98 










































载体，进而制备氮掺杂碳纳米管负载型铜铁催化剂 xCun–Fem/yN-CNT（x 和 y 分
别为金属总负载量和 N 含量质量百分数，n 和 m 表示 Cu 和 Fe 的原子比），考察
N 物种的引入对催化剂性能的影响，并对催化剂的活性与结构进行关联，探讨 N
的促进作用本质。 
采用胺化焙烧法成功制备了一系列不同 N 含量的 N-CNTs 载体，通过共浸
渍的方法制备了一系列 CuFe/N-CNTs 催化剂。结果表明，CNTs 用浓 HNO3 处
理后再与三聚氰胺混合焙烧，所制备的 CuFe/N-CNTs 催化剂与 CuFe/CNTs 相
比有较好的合成气制低碳醇催化活性。 
通过优化实验，确定催化剂最优还原温度为 400 °C，最佳反应条件为：P = 2.0 
MPa，T = 220 °C，GHSV = 6000 mL g1 h1，n(H2)/n(CO) = 2。在最优评价条件
下，不同 N 含量的 CuFe/N-CNTs 催化剂上合成气制低碳醇性能随着 N 含量的
增加而呈现火山型的变化，其中 15Cu1Fe1/1.3N-CNTs 催化剂表现出最佳的催化
性能，即：CO 转化率 20.9%，总醇和 C2+OH 选择性分别为 27.2%和 68.8%；进
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